Canine-rabies was endemic pre-urbanisation, yet little is known about how it persists in small 19 populations of dogs typically seen in rural and remote regions. Our objectives were to simulate 20 rabies outbreaks in such populations (50-90 dogs) using a network-based model, and 21 investigate the influence of rabies-induced behavioural changes. 22
BACKGROUND 37
Canine rabies is an ancient disease that has persisted in dog populations for millennia -well 38 before urbanisation (1). Increased understanding of rabies spread in communities with relatively 39 small populations of dogs -such as those in rural and remote areas -could give insights about 40 rabies persistence in non-urban areas, as well as inform prevention and control strategies in such 41
regions. 42
Rabies virus is neurotropic and clinical manifestations of canine-rabies can be broadly classified 43 as the dumb form (characterised by progressive paralysis) and the furious form (characterised by 44 agitated and aggressive behaviour; (2, 3). Although the mechanisms of rabies-induced 45 behavioural signs are poorly understood (4) pathogen-influenced changes in host behaviour can 46 optimise pathogen survival or transmission (5). We hypothesise that rabies-induced behavioural 47 changes promote rabies transmission in dog populations by influencing social network structure 48 to increase the probability of effective contact, and that this might be important to enable rabies 49 to spread in rural and remote regions. 50
Since 2008, rabies has spread to previously free areas of Southeast Asia. Islands in the eastern 51 archipelago of Indonesia, as well as Malaysia are now infected (6-9). Much of this regional 52 spread of canine-rabies has occurred in rural and remote areas. Oceania is one of the few regions 53 in the world in which all countries are rabies free. Recent risk assessments demonstrate that 54
Western Province, Papua New Guinea (PNG) and northern Australia, are at relatively high risk 55 of a rabies incursion (10, 11). Dogs in communities in these regions are owned and roam freely; 56 population estimates in such communities are often low; for example, median 41 dogs (range 57 (range 30-1000) in Western Province Treaty Villages (pers comm Australian Commonwealth 59 Department of Agriculture and Water Resources). Canine rabies might have a low probability of 60 maintenance in domestic dogs in these communities due to their small population sizes, but if 61 continued transmission occurs -particularly over a long duration -then spread to other 62 communities or regional centres and regional endemicity might occur. 63 GPS telemetry data from Torres Strait dog populations have recently been collected (12). Such 64 data has been used to describe contact heterogeneity in animal populations, and has been used in 65 models to provide insights about disease spread and potential control strategies (13-15). The 66 effect of contact heterogeneity on disease spread is well-researched and models can provide 67 useful insights about disease control strategies in heterogeneously mixing populations (16-18). 68
Most recently in the context of rabies, Laager et al. (19) developed a network-based model of 69 rabies spread using GPS telemetry data from dogs in urban N'Djamena, Chad. Other models of 70 rabies-spread in which parameters that describe contact heterogeneity were derived from 71 telemetry data include canine (20) and raccoon models (21, 22) . 72
Patterns of contacts are likely to be altered by the behavioural effects of clinical rabies. Although 73 Hirsch et al. (21) demonstrated that seasonal patterns of rabies incidence in raccoons could be 74 explained by changes in social structure due to normal seasonal behavioural change of the hosts, 75 the influence of rabies-induced behavioural changes on social structure has neither been 76 researched nor explicitly incorporated in simulation models in any species. 77
Here, our objective was to investigate rabies persistence in small populations of free-roaming 78 dogs − such as those found in rural communities in PNG and northern Australia − by predicting 79 the probability, size and duration of rabies outbreaks. We also investigate the influence of rabies-80 induced behavioural changes on model predictions and the effect of pre-emptive vaccination on 81 rabies spread in such populations. 82
Methods

83
Disease model and study overview 84
We developed a stochastic model to simulate social networks of free-roaming domestic dogs and 85 the subsequent transmission of rabies between individual dogs within these networks following 86 the latent infection of a single, randomly-assigned dog. The structure of the social networks was 87 based on three empirically-derived networks of spatio-temporal associations between free-88 roaming domestic dogs in three Torres Strait Island communities; Kubin, Warraber and Saibai 89 (12). The course of rabies infection in a susceptible dog was simulated in daily time-steps and 90 1, in which the daily probability of contact between a pair of such dogs was calculated based on 94 the edge-weight between the pair (E is ), which is the proportion of a 24 hour period during which 95 that pair of dogs is spatio-temporally associated (in the event of no network connection, E is = 0). 96
Transmission of rabies further depends on the probability of a bite (P i ) by the infected dog 97 conditional on its infection status (I 1 or I 2 ), and the probability of subsequent infection of the 98 susceptible dog (T s ). Generation of the social network and estimation of the parameters 99 associated with the dog population dynamics and rabies epidemiology are described in 100 supplementary material S1 and S2, respectively, and parameter values are shown in Table 1 . Model outputs included distributions of the predicted duration of outbreaks (defined as the 106 number of days from the introduction of a latently infected dog to the day on which infected 107 dogs were no longer present), the total number of rabies-infected dogs during the outbreak and 108 the effective reproductive number, R e , during the first month following incursion (mean number 109 of dogs infected by all dogs that were infected during the first month). 110
Initially, rabies was simulated in each of the three community networks and the predicted outputs 111 from each model were compared between each other. Statistical tests were used to determine the 112 number of iterations required to achieve convergence of output summary statistics 113 (supplementary material, S3). Global sensitivity analysis using the Sobol' method (S4) was used 114 to investigate the relative influence of all input parameters on model outputs. To observe the 115 influence of rabies-induced behavioural changes, model outputs from simulations of rabies 116 spread in each of the three community networks with and without parameters associated with 117 rabies-induced behavioural changes were compared. Finally, the impact of pre-emptive 118 vaccination was investigated by randomly assigning rabies immunity to a proportion of the 119 population (10-90%; tested in 10% increments) prior to incursion of the rabies-infected dog in 120 each iteration. 121 Table 1 Parameters used to describe canine rabies epidemiology in a simulation model of rabies spread in a dog population, to determine the 123 influence of social structure on outbreak duration and number of rabies-infected dogs. sd = standard deviation, GSA = global sensitivity analysis. Initial 're-wiring' probability, β empirical Community specific 0.38-0. 
124
Results
127
Community simulations 128
Each community simulation comprised 10,000 iterations (more than sufficient to achieve 129 convergence of summary output statistics without limiting computational time [ Figure S1 ]). 130
Predicted outputs are shown in Table 2 . The proportion of iterations in which a second dog 131 became infected was greater than 50% in Kubin and Warraber communities, and 43% in Saibai. 132
In these iterations, predicted median and upper 95% duration of outbreaks were longest in 133
Warraber and shortest in Saibai (median: 140 and 78 days; 95% upper range 473 and 360 days, 134 respectively). In the Warraber simulations, 0.001% iterations reached the model duration limit of 135 1095 days. The number of infected dogs was reflected by the R e estimates in the first month: 1.73 136 (95% range 0-6.0), 2.50 (95% range 1.0-7.0) and 3.23 (95% range 1.0-8.0) in Saibai, Kubin 137 and Warraber communities, respectively. The rate of cases during these outbreaks was 2.4 138 cases/month (95% range 0.6-7.6), 2.0 cases/month (95% range 0.4-6.5) and 2.6 cases/month 139 (95% range 0.5-8.0) in Saibai, Kubin and Warraber communities, respectively. 140 141 Figure S2 shows Sobol' first-order effect Sis, which are low relative to the total-149 effect SIs for all outcomes. This indicates that interactions between parameters are highly 150 influential on output variance in this model and therefore, we focus on the influence of 151 parameters through their total-effects. As expected, the total-effect SI of the seed was highest -it 152 was associated with > 50 % of the variance for all outcomes -because it determines the random 153 value selected in the Bernoulli processes that provide stochasticity to all parameters. The 154 influence of the seed is not presented further in these results. 155
Incubation period, the size of the dog population and the degree of connectivity were highly 156 influential on outbreak duration (total-effect SI 0.51, 0.55 and 0.51, respectively). All parameters 157 were influential on the predicted number of rabid dogs (total effect SIs > 0.1), and the size of the 158 dog population, incubation and clinical periods, and degree had greatest influence (total effect 159 SIs > 0.5). Dog population size and degree of association were most influential on predicted 160 mean monthly R e (total effect SI 0.74 and 0.40, respectively). 161
Of the community-specific parameters (population size, degree and edge-weight distributions, 162 birth and death rates, and initial probability of re-wiring), dog population size and the degree 163 consistently had the greatest influence on each predicted output's variance. Of network 164 parameters other than degree, the probability of wandering ('re-wiring') during the clinical phase 165 (furious form) was markedly less influential than initial 're-wiring' (total effect SIs 0.051 and 166 0.19, respectively) or either parameter associated with spatio-temporal association (edge-weight; 167 both total effect SIs > 0.15) on predicted mean monthly R e . The influence of the increased 168 probability of a bite by a dog in the clinical period (furious form) on predicted mean monthly R e 169 was greater compared to the pre-clinical or clinical (dumb-form) bite probability (total-effect SI 170 0.19 relative to 0.11). The size of the relative influence of these parameters on outbreak duration 171 or number of rabies-infected dogs was reversed and less marked. Birth and death rate 172 consistently had a moderate influence on all outputs (total-effect SI 0.20-0.24). 173 month of these incursions indicated that increased spatio-temporal association, followed by an 189 increased probability of bite were more likely to result in rabies spread than 're-wiring' to 190 increase network contacts in these simulations. This pattern was reflected in the upper 95% range 191 of dogs infected, which was greatest when increased spatio-temporal association was included, 192 and least when 're-wiring' was included. 193
When combinations of rabies-induced behavioural changes were included, increased bite 194 probability and spatio-temporal association together were sufficient to achieve similar 195 proportions of predicted outbreaks in which > 1 dog was infected (40-60% of incursions) as the 196 simulation with all parameters included (Figure 2 'Full') . Predicted impacts and R e in the first 197 month following incursion were also similar. R e was greater than the sum of R e from scenarios 198 with increased bite probability and spatio-temporal association alone. 199
With combined spatio-temporal association and 're-wiring', the 95% range of the number of 200 infected dogs was greater than simulations in which only one parameter was included (up to 11 201 other dogs) but R e in the first month following incursion was close to 1 in all communities, 202 reflecting overall limited rabies spread. In the combined increased bite probability and 're-203 wiring' simulation, propagation did not occur to > 4 dogs, reflecting the R e of ≤ 0.8. 204 205
The impact of pre-emptive vaccination 206
Due to the similarity between median outputs from each community and greatest variation in 207 outputs from Warraber, only Warraber was included in this section. All parameters were initially 208 included, then due to observed results, vaccination simulations were also run with a stable 209 population (births and deaths were excluded). Figure 3 shows all outputs.
In all simulations, the predicted proportion of outbreaks in which > 1 dog was infected fell as the 211 proportion of pre-emptively vaccinated dogs increased -a greater reduction was observed in the 212 simulations with stable populations -and was < 40% when at least 70% of the population were 213 vaccinated. In simulations in which births and deaths were included, the predicted proportion of 214 outbreaks in which more than one dog was infected was still 17% and 12 % when 90% of the 215 population were vaccinated in simulations with and without births and deaths, respectively. 216
In outbreaks in which > 1 dog was infected, the duration of outbreaks decreased as vaccination 217 proportion increased (although the 95% range was always predicted > 195 days in all 218 simulations). The median number of infected dogs was ≤ 3 once at least 60% of dogs were 219 vaccinated in all simulations, but the 95% range was not consistently < 10 dogs until 80% and 70 220 % of the population was vaccinated in simulations with and without births and deaths, 221 respectively. 222
The case rate was median 1.6 cases/month (95% range 0.4-4.6 cases/month) when 70% of the 223 population was vaccinated in simulations with births and deaths, with a median predicted 224 duration of 68 days (95% range 16-276 days). In simulations without births and deaths, the 225 case rate was 1.4 cases/month (95% range 0.4-4.3 cases/month) when 70% of the population, 226 with a median predicted duration of 64 days (95% range 16-248 days). Predicted R e in the first 227 month following incursion reflected these outputs. At ≥ 70% pre-emptive vaccination, R e was 228 approximately 1 or less when births and deaths were excluded. However, in the simulations with 229 births and deaths R e did not fall below 1 until > 80 % of the population were pre-emptively 230 vaccinated. 231
Discussion
233
Our study is unique in that we modelled rabies spread in small populations of free-roaming dogs 234 and incorporated the effect of rabies-induced behavioural changes. Key findings included the 235 long duration of rabies persistence at low incidence in these populations, and the potential for 236 outbreaks even with high levels of pre-emptive vaccination. This has implications for canine 237 rabies surveillance, elimination and incursion prevention strategies, not only in rural areas with 238 small communities, but also for elimination programs in urban areas. We discuss our findings 239 and their implications below. 240
Without behavioural change, we could not demonstrate rabies propagation in the social networks 241 in the current study; disruption of social contacts appears to be key for rabies maintenance in 242 small populations of dogs. Social network studies have shown that dogs form contact-dense 243 clusters (12, 19) . Increased bite probability and spatio-temporal association between contacts 244 (edge-weight in the model) were most influential in our model, but it is possible that 're-wiring' 245 of dogs is also influential in larger populations in which there is a greater probability that a dog 246 would 're-wire' to completely new set of dogs in another cluster, thus increasing total contacts 247 and enhancing spread (degree was also found to be highly influential on rabies spread). Limiting 248 types of behavioural change to particular rabies forms was a simplification for modelling that 249 allowed us to differentiate the effects of types of network disruption. In reality, the association 250 between rabies forms and behavioural changes is likely to be less distinct (24) and thus, rabies 251 spread in small populations could be further enhanced if dogs display a range of clinical signs. 252
Incubation period also strongly influenced outbreak size and duration, and together with rabies-253 induced behavioural changes that enabled transmission, is likely to have resulted in the 'slow-burn' style of outbreaks (low incidence over long duration) that were predicted by this model. In 255 iterations in which propagation occurred, case rate was generally < 3 cases/month without 256 vaccination, and 1.5 cases/month when 70% of dogs were pre-emptively vaccinated. At such low 257 incidence, we believe that canine rabies is likely to have a low probability of detection in 258 communities where there is high population turnover and aggressive free-roaming dogs can be 259 normal (25, 26). In these populations, dog deaths and fights between dogs are not unusual. 260
Undetected, slow-burn outbreaks in previously free regions are a great risk to humans because 261 rabies awareness is likely to be low. They also provide more opportunity for latently infected 262 dogs to travel between communities either by themselves, or with people, which could result in 263 regional endemicity. Townsend et al (34) suggest a case detection rate of at least 5% (preferably 264 10%) is required to assess rabies freedom following control measures; surveillance capacity in 265 rabies-free regions such as Oceania should be evaluated and enhanced if required. 266
Pre-emptive vaccination is another option to protect rabies-free regions; for example, an 267 'immune-belt,' an area in which dogs must be vaccinated, was established in the 1950s in 268 northern Malaysia along the Thai border (27). The World Health Organization recommends 269 repeated mass parenteral vaccination of 70% of dog populations to achieve herd immunity (28). 270
Whilst the origin of this recommendation is unclear, it has been accepted for decades -for 271 example, legislation allowed free-roaming of dogs in designated areas if at least 70% of the dog 272 population was vaccinated in New York State in the 1940s (29) -previous modelling studies of 273 pre-emptive vaccination support this threshold (19, (30) (31) (32) . We found that vaccination with 70% 274 coverage is expected to provide protection to the majority of dogs and that outbreaks were self-275
limiting. If inter-community dog movements are unusual, the probability of regional spread is 276 unlikely. However, given predicted upper 95% ranges of 8-14 rabies infected dogs for at least 8 months at 70% coverage, we recommend at least 90% coverage to reduce the effective monthly 278 reproductive ration < 1, limit human exposure, and provide a more certain barrier to regional 279 spread. 280
In places in which movements are not easily restricted such as urban centres in which dog 281 populations are contiguous, our study indicates that comprehensive vaccination coverage is 282 crucial. The political and operational challenges of rabies elimination are well-documented (33), 283 and lack of elimination or subsequent re-emergence is attributed to insufficient vaccination 284 coverage (< 70% dog population overall, patchy coverage or insufficient duration; (32, 34, 35)) 285 and re-introduction of infected dogs (31, 36). Pockets of unvaccinated dogs within well-286 vaccinated, urban areas could maintain rabies at a low incidence sufficient to re-introduce rabies 287 as surrounding herd immunity wanes. It is also possible that with comprehensive, homogenous 288 70% coverage, a low incidence of rabies -such as appears possible at 70% vaccination in our 289 study -is sufficient for endemicity in larger populations but is practically undetectable, giving 290 the appearance of elimination. A higher proportion of vaccinated dogs might be required for 291 elimination, and further modelling studies incorporating behavioural change in larger empirical 292 networks are required to test this hypothesis. 293
Validation of a canine rabies spread model is challenging, not only because variation between 294 model outputs and observed data can arise from many sources, but because rabies surveillance is 295 passive and case ascertainment is notoriously challenging (35), thus undermining comparison of 296 predicted outputs to observed data. However, although outbreak data from small populations of 297 dogs is scarce, observed patterns of disease spread are consistent with those predicted by the 298 current study (37, 38). Global sensitivity analysis indicated that population size (a parameter of 299 reasonable certainty) and degree of connectivity had the greatest influence on duration, size and initial spread; this makes intuitive sense, and as expected, the largest and longest outbreaks were 301 predicted in the Warraber network which had the highest median degree. Degree distribution 302 might vary between populations of free-roaming dogs; however, a study in N'Djaména, Chad, 303 found that the average degree was 9 and 15 (maximum 20 and 64, respectively) in two 304 populations of size 272 and 237 dogs, respectively (19), which is not dissimilar to the Torres 305 Strait dog populations. Reassuringly, input parameters about which there was more uncertainty -306 for example, bite probabilities -were less influential on variation in outputs. 307
By exploring rabies epidemiology in small populations of free-roaming dogs -in which contact 308 heterogeneity was determined in part by their social networks and in part by the disease -our 309 study provides insights into how rabies-induced behavioural changes is important for endemicity 310 of rabies in rural and remote areas. We found that rabies induced behavioural change is crucial 311 for the disease to spread in these populations and enables a low incidence of rabies cases over a 312 long duration. Without movement restrictions, we predict that substantially greater than the 313 recommended 70% vaccination coverage is required to prevent rabies emergence in currently 314 free areas. 315 
